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WAVELENGTH TUNABLE LIGHT SOURCES AND METHODS OF 

OPERATING THE SAME 

BACKGROUND 

Many wavelength tunable light sources include a resonant optical cavity 
5 that includes an optical gain element and one or more filter elements. The optical 
resonant optical cavity quantizes light oscillation to a discrete set of evenly-spaced 
optical modes most of which are quenched by the filter elements. In many 
applications, it is desirable to produce a single-wavelength output beam in a 
single optical mode so that the light source may be tuned continuously without 

10 mode hopping over a specified range of frequencies. To achieve this result, the 
optical modes of the resonant cavity and the frequency response of the filter 
elements of the light source must be tuned simultaneously. In addition, the ratio 
of the filter bandwidth to the optical mode spacing should be relatively small to 
achieve high mode stability. 

15 Some types of wavelength tunable light sources use a moving mirror 

grating to tune the light sources to produce an output beam of a particular 
wavelength. For example, in one approach, the so-called "Littrow" configuration, 
an optical cavity is formed between a facet on a semiconductor laser and a 
diffraction grating. A collimating lens focuses a light beam generated by the laser 

20 onto the grating. In the cavity formed by the facet and the grating there is only a 
single wavelength (i.e., the "Littrow wavelength") of light that exactly satisfies 
the condition that the angle of light incident on the grating be the same as the 
angle of light diffracted from the grating. In this way, only light at or very near 
the Littrow wavelength oscillates between the facet and the grating. The Littrow 

25 wavelength is changed by simultaneously rotating the grating and moving the 
grating toward or away from the facet. 

Other types of light sources use tunable acousto-optic devices to produce 
an output beam of a particular wavelength. An acousto-optic device typically 
includes a transducer for generating acoustic waves in an optical medium. Light 

30 injected into the optical medium interacts with the acoustic waves to modify 

characteristics of the injected light. For example, in an acousto-optic modulator, 
acoustic waves propagating in the optical medium are used to modulate the 
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intensity of the injected light. In an acousto-optic deflector, the acoustic waves 
deflect the injected light beam by an amount that varies with the acoustic 
frequency. In an acousto-optic tunable filter, only injected light within a narrow 
wavelength passband is converted from one polarization to another polarization 
5 and a polarization filter selectively passes light with the converted polarization. 
The wavelength passband is determined by the acoustic frequency applied to the 
acousto-optic deflectors. 

Each of the above-mentioned acousto-optic devices induces a Doppler 
frequency shift in the beam, where the direction of the shift depends on the 

10 propagation direction of the acoustic waves with respect to the light beam. The 
Doppler frequency shift induced by a single acousto-optic device accumulates as 
the light beam oscillates in the resonant cavity of a light source, preventing single- 
frequency operation of the light source. For this reason, many acousto-optic- 
based light sources include at least one pair of acousto-optic devices that produce 

15 substantially offsetting Doppler frequency shifts. 

In one approach, a pair of acousto-optic devices is used in a laser or other 
optical resonator to produce a wavelength-dependent deflection of the light 
without incurring a net frequency shift. In this approach, the dispersive quality of 
acousto-optic devices in transmission is used as a reflection grating substitute. 

20 Two mirrors, one an output coupler, a gain medium and two acousto-optic 

devices are arranged for maximum efficiency such that the incident and diffracted 
beams are approximately at the Bragg angle for each acousto-optic device. In this 
way, the output wavelength is determined by the acoustic frequency of the 
acousto-optic devices. 

25 In another approach, an external cavity laser is formed by feeding light 

from a laser through two or more acousto-optic tunable filters and back to the 
laser. The Doppler shifts introduced by the filters do not entirely cancel. The net 
Doppler shift caused by the filters is continuously tuned to cause the bandpass of 
the filter to follow the shifting resonating frequency of the laser to reduce mode 

30 hopping. 
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SUMMARY 

The invention features wavelength tunable light sources and methods of 
operating the same. The invention enables the design of light sources that are 
capable of generating output beams that may be rapidly and continuously swept 
5 over specified frequency ranges without mode hopping. The invention also 

enables an inventive method of operating a light source that simultaneously tunes 
the optical modes and the filter frequency response of the light source to achieve 
continuous tuning of the light source over a specified frequency range. 

In one aspect, the invention features a wavelength tunable light source that 

10 includes a resonant light path, an optical gain medium, one or more optical 

gratings, a first acousto-optic deflector, and a second acousto-optic deflector. The 
resonant light path supports oscillation of light in at least one longitudinal mode. 
The optical gain medium is disposed in the resonant light path. The optical 
grating has a grating surface arranged to receive incident light along the light path 

15 at an incidence angle relative to the grating surface and to diffract light along the 
light path at a diffraction angle relative to the grating surface that is different from 
the incidence angle. The first acousto-optic deflector is arranged to intercept light 
along the light path. The first acousto-optic deflector is operable to deflect the 
intercepted light and to induce a first Doppler shift of longitudinal mode 

20 frequencies. The second acousto-optic deflector arranged to intercept light along 
the light path. The second acousto-optic deflector is operable to deflect the 
intercepted light and to induce a second Doppler shift of longitudinal mode 
frequencies, wherein the first and second Doppler shifts are in opposite directions. 
In another aspect, the invention features a method of wavelength tuning a 

25 light source. The light source has a resonant light path supporting at least one 
longitudinal mode. The resonant light path contains first and second acousto- 
optic devices for tuning an output light beam over a specified frequency range 
with an output wavelength profile. Each acousto-optic device induces a 
respective Doppler frequency shift of longitudinal mode frequencies supported by 

30 the resonant light path, wherein the Doppler frequency shift induced by the first 
acousto-optic device substantially cancels the Doppler frequency shift induced by 
the second acousto-optic device. In accordance with this inventive method, the 
first acousto-optic device is driven with a first signal having a first time-varying 
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frequency profile. The second acousto-optic device is driven with a second signal 
having a second time-varying frequency profile, wherein the second time-varying 
frequency profile differs from the first time-varying frequency profile by an 
amount substantially proportional to a time rate of change of the output 
5 wavelength profile. In this way, the output light beam is tunable over the 
specified frequency range without observable hopping between longitudinal 
modes. 

Other features and advantages of the invention will become apparent from 
the following description, including the drawings and the claims. 

10 DESCRIPTION OF DRAWINGS 

FIG. 1 is a diagrammatic plan view of an embodiment of a wavelength 
tunable light source. 

FIG. 2A shows exemplary optical cavity modes of a resonant light path in 
an implementation of the wavelength tunable light source of FIG. 1. 
15 FIG. 2B is a graphical illustration of the spectral features of an 

implementation of the wavelength tunable light source of FIG. 1. 

FIG. 3 is a flow diagram of an embodiment of a method of operating the 
wavelength tunable light source of FIG. 1. 

FIG. 4 is a graphical illustration of the drive waveforms applied to an 
20 implementation of the wavelength tunable light source of FIG. 1 in accordance 
with the method of FIG. 3. 

FIG. 5 is a diagrammatic plan view of a second embodiment of a 
wavelength tunable light source. 

FIG. 6 is a diagrammatic plan view of a third embodiment of a wavelength 
25 tunable light source. 

FIG. 7 is a diagrammatic plan view of a fourth embodiment of a 
wavelength tunable light source. 

FIG. 8 is a diagrammatic plan view of a fifth embodiment of a wavelength 
tunable light source. 
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DET AILED DESCRIPTION 

In the following description, like reference numbers are used to identify 
like elements. Furthermore, the drawings are intended to illustrate major features 
of exemplary embodiments in a diagrammatic manner. The drawings are not 
5 intended to depict every feature of actual embodiments nor relative dimensions of 
the depicted elements, and are not drawn to scale. 

FIG. 1 shows an embodiment of a wavelength tunable light source 10 that 
includes a resonant light path 12 that is defined between first and second mirrors 
14, 16, and contains an optical gain medium 18, first and second optical gratings 

10 20, 22, and first and second acousto-optic deflectors 24, 26. 

The optical gain medium 18 may be any type of optical gain medium that 
is configured to amplify light oscillating along the optical path 12. In the 
illustrated embodiment, the optical gain medium is a semiconductor amplifier, 
which amplifies light by optically stimulated recombination of holes and electrons 

15 in a PN junction. The light emitted from the semiconductor amplifier is 

characterized by a finite spread of photon energy centered close to the bandgap 
energy of the active region material of the semiconductor amplifier. A first 
collimating lens 2 transforms the diverging optical beam 4 from the gain medium 
into a parallel optical beam. Similarly, a second collimating lens 6 transforms the 

20 diverging optical beam 8 into a parallel optical beam. 

In the illustrated embodiment, each of the optical gratings 20, 22 includes a 
reflective substrate with a diffractive surface that includes an array of fine, 
parallel, equally spaced grooves ("rulings"). In response to an incident light 
beam, the grooves produce diffractive and mutual interference effects that 

25 concentrate reflected light in discrete directions (often referred to as "orders" or 
"spectral orders"). The groove dimensions and groove spacing (or "pitch") are on 
the order of the target wavelength of the output light generated by the light source 
10. In other embodiments, the reflection-type of optical gratings shown in FIG. 1 
may be replaced by transmission-type of optical grating. 

30 Each of the acousto-optic deflectors 24, 26 respectively includes a 

birefringent crystal substrate 28, 30 (e.g., tellurium dioxide or lithium niobate) 
and an electro-mechanical transducer 32, 34, which may by implemented by, for 
example, a single piezoelectric transducer or an array of piezoelectric transducers. 
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The transducers 32, 34 may be driven by a single RF generator or by multiple 
respective RF generators. The transducers 32, 34 are coupled to the one or more 
RF generators by a matching network. In response to received RF drive signals, 
the transducers 32, 34 respectively generate acoustic waves 36, 38 in the 
5 birefringent crystal substrates 28, 30 at an acoustic frequency corresponding to 
the frequency of the RF drive signals. The acousto-optic deflectors 24, 26 are 
arranged so that the light deflection and the Doppler frequency shifts induced in 
light traveling through the substrates 28, 30 by the acoustic waves 36, 38 are in 
opposite directions. 

10 The illustrated embodiment also includes first and second half-wave plates 

40, 42 that are positioned in the light path 12 to rotate the polarization of the 
oscillating light from parallel to the plane of FIG. 1 to perpendicular to the plane 
of FIG. 1, and vice versa, as shown. In addition, an optional polarizer 44 is 
positioned between the first and second acousto-optic deflectors 24, 26. Other 

15 embodiments may not include the first and second half-wave plates 40, 42 and 
the polarizer 44. 

In the illustrated embodiment, the first grating 20 and the first acousto- 
optic deflector 24 are arranged in a first segment of the light path 12 to produce a 
first optical frequency function, and the second grating 22 and the second 

20 acousto-optic deflector 26 are arranged in a second segment of the light path 12 to 
produce a second optical frequency function substantially identical to the first 
optical frequency filter function. In this embodiment, the first light path segment 
substantially corresponds to a mirror image of the second light path reflected 
through a mirror plane 45 that is perpendicular to the plane of FIG. 1 and is 

25 oriented normal to the light beam at the location of the polarizer 44. The 

symmetrical arrangement of the first and second light segments corrects for light 
dispersion by the acousto-optic deflectors 24, 26 that otherwise would inhibit 
proper light oscillation along the light path 12. 

In operation, the semiconductor amplifier gain medium 18 generates light 

30 that has a horizontal polarization, which is parallel to the plane of FIG. 1. The 
horizontally polarized light diverges toward the collimating lens 2, which 
transforms the light into a parallel beam. The first optical grating 20 intercepts 
the incident parallel beam at an incidence angle Q Y relative to the grating surface 
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and diffracts the light along the light path 12 at a diffraction angle a x relative to 
the grating surface, where the diffraction angle a x is different from the incidence 
angle Q lm This configuration of the first optical grating 20 relative to the incident 
and diffracted light beams produces a narrow filter passband that contributes to 
5 the overall resistance of the light source 10 to mode hopping. The first half- wave 
plate 40 rotates the polarization of the beam diffracted from the first optical 
grating 20 to a vertical polarization, which is perpendicular to the plane of FIG. 1. 

The vertically polarized beam enters the first acousto-optic deflector 24, 
which deflects the beam away from the transducer 32 and upshifts the frequency 

10 of the vertically polarized beam by an amount corresponding to the acoustic 

frequency of the acoustic waves 36. The deflected and upshifted beam exits the 
planar face 50 of the first acousto-optic deflector 24 at normal incidence and 
passes through the polarization filter 44. The filtered beam then passes into the 
planar face 52 of the second acousto-optic deflector 24 at normal incidence. The 

15 second acousto-optic deflector 24 deflects the beam toward the transducer 34 and 
downshifts the frequency of the beam by an amount corresponding to the 
acoustic frequency of the acoustic waves 38. In some implementations, the 
second acousto-optic deflector 24 is driven in such a way as to substantially 
cancel the spectral shifting of the light beam by the first acousto-optic deflector 

20 24. 

The second half-wave plate 42 rotates the vertical polarization of the beam 
deflected by the second acousto-optic deflector 26 to a horizontal polarization, 
which is parallel to the plane of FIG. 1. The second optical grating 22 intercepts 
the incident parallel beam at an incidence angle a 2 relative to the grating surface 

25 and diffracts the light along the light path 12 at a diffraction angle 0 2> which is 
different from the incidence angle a 2 . This configuration of the second optical 
grating 22 relative to the incident and diffracted light beams produces a narrow 
filter passband that contributes to the overall resistance of the light source 10 to 
multi-mode oscillation. The second mirror 16 intercepts the beam diffracted by 

30 the second optical grating 22 and reflects the intercepted beam back toward the 
second optical grating 22. 

On the return trip, the light beam traverses the same light beam path 12 
back to the gain medium 18, which amplifies the return beam. The amplified 
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beam diverges from the semiconductor amplifier gain medium 18 toward the 
second collimating lens 6, which transforms the light into a parallel beam. The 
first mirror 14 intercepts the parallel beam and reflects the intercepted beam back 
toward the first collimating lens 6 along the same beam path, thereby completing 
5 the resonant light path 12. An output beam may be extracted from the light path 
at any convenient location. In one implementation, the extracted output beam 
corresponds to a specular reflection from the second optical grating 22. 

The first and second mirrors 14, 16 are highly reflective mirrors that cause 
light to oscillate back-and-forth along the resonant optical path 12. Since the 

10 phase of the optical field must be continuous after one round trip, the resonant 
optical path 12 constrains the oscillating light to a discrete set of resonant optical 
frequencies. These resonant frequencies are equally spaced by an interval c/(L), 
where c is the speed of light, and L is the round-trip optical length of the optical 
path 12. The terms "longitudinal modes" and "optical modes" are used 

15 interchangeably herein to refer to the resonant frequencies of the resonant optical 
path 12. FIG. 2 A shows an exemplary set of longitudinal modes specified as a 
function of the wavelength of the oscillating light. 

In one mode of operation, the acousto-optic deflectors 24, 26 and their 
consequent Doppler shift allow the cavity modes to be tuned in a very convenient 

20 manner. In particular, the cavity modes are tuned by applying drive signals at the 
same acoustic frequencies to the first and second transducers 32, 34 and adjust 
the phase difference between the drive signals. In the standing wave cavity 
defined by mirrors 14, 16 every n radians of phase difference tunes the cavity by 
one mode spacing. In a ring cavity, such as that shown in FIG. 5, every 2n 

25 radians of phase difference tunes the cavity modes by one mode spacing. This 
"phase tuning" technique has been demonstrated to work over a limited tuning 
range, for example of 100 mode spacings or less. However, a mode hop 
inevitably occurs: at this point, the mode that was oscillating extinguishes and a 
different mode starts up. To prevent mode hopping of this sort, the constraint 

30 that the two drive frequencies for the acousto-optic devices be equal is removed. 
The unequal frequencies of the drive signals are tuned in synchronism with the 
phase tuning of the optical mode which is oscillating. Continuous tuning without 
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mode hopping over an extended frequency range results if the unequal drive 
frequencies are varied in the manner described in detail below, in which different 
frequencies are applied to the transducers 32, 34 of the first and second acousto- 
optic deflectors 24,26 at any given time. 
5 The combined beam deflections by the first and second acousto-optic 

deflectors 24, 26 and the wavelength-dependent beam diffractions by the first and 
second optical gratings 20, 22 configure beam path 12 such that only light of a 
single wavelength is precisely imaged onto the optimal location of the gain 
medium 18 for amplification. The images of light of different wavelengths are 

10 displaced from the optimal amplification location on the gain medium 18. Once 
the displacement exceeds the cross section of the gain medium 18, there is no 
more amplification of it. In this, way, the filter passband is set by this cross 
section in conjunction with the pitch of the first and second optical gratings 20, 
22, the physical layout of the components in the resonant light path, and the 

15 acousto-optical characteristics of the first and second acousto-optic deflectors 24, 
26. 

FIG. 2B shows an exemplary plot of the overall gain 46 of the gain medium 
18. In addition, FIG. 2B shows an exemplary plot of the net optical gain 48 per 
light path round trip, which is the product of the overall gain 46 and the filter 

20 function created by the optical gratings 20, 22 and the acousto-optic deflectors 24, 
26. As shown in FIG. 2B, filter function creates a narrow passband of 
wavelengths that are amplified by the light source 10. This passband 
encompasses only a limited number of longitudinal modes, as shown 
diagrammatically in FIG. 2B. It is often desirable for there to be only one cavity 

25 mode within the filter function passband that oscillates in the resonant optical 
path 12 at any given time. The relatively small number of optical modes (e.g., 1- 
10 optical modes) within the filter function passband enhances the ability of the 
light source 10 to reliably produce output corresponding to a single longitudinal 
mode. 

30 The RF drive signals that are applied to the first and second acousto-optic 

deflectors 24, 26 tune the filter function passband. Thus, the mode of light 
oscillating in the light source 10 is selected by tuning the first and second acousto- 
optic deflectors 24, 26. For example, in one exemplary implementation, the 



Attorney Docket No.: 10031219-1 

-10- 

resonant light path and the acousto-optic deflector geometries are configured such 
that, when both acoustic transducers 32, 34 are vibrating at 50 MHz, the 
oscillating light wavelength is about 1550 nm. The frequency of the oscillating 
light may be tuned continuously over a specified range of frequencies by changing 
5 the tuning of the acousto-optic deflectors. For example, in the exemplary 
implementation described above, when the acoustic frequency is 30 MHz the 
oscillating light wavelength is about 1600 nm, and when the acoustic frequency is 
70 MHz the oscillating light wavelength is about 1500 nm. The oscillating light 
frequency may be tuned continuously without mode hopping by simultaneously 
10 tuning the cavity modes and the filter frequency such that the resonating 

longitudinal mode always remains at the same point within the filter transmission 
spectrum. 

In some implementations, continuous frequency tuning of the oscillating 
light may be achieved by driving the first and second acousto-optic deflectors at 

15 slightly different acoustic frequencies f x and f 2 , respectively. In these 

implementations, the Doppler shifts of the oscillating light by the acousto-optical 
deflectors 24, 26 will not precisely cancel. If the drive frequencies f 2 and f 2 are 
held constant, but different, the resonating mode will ultimately tune outside of 
the filter function passband. Thus, in order to achieve continuous tuning, the 

20 absolute drive frequencies of the first and second acousto-optic deflectors 24, 26 
must be adjusted simultaneously so as to track the resonating mode 

FIG. 3 shows a method of continuously tuning the wavelength of the light 
oscillating in light source 10. In accordance with this method, the first acousto- 
optic deflector 24 is driven with a first signal having a first time-varying frequency 

25 profile (or signature) (block 60). The second acousto-optic deflector 26 is driven 
with a second signal having a second time-varying frequency profile (block 62). 
The first and second time-varying frequency profiles differ by an amount 
proportional to the time rate of change of the desired output wavelength profile, 
as explained in detail below. For example, in implementations where the time 

30 rate of change of the output wavelength profile is constant (e.g., a ramp 

wavelength profile), the second time-varying frequency profile may correspond to 
a time-shifted version of the first time-varying frequency profile . 
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The condition for continuous tuning for the "linear" or "standing wave" 
light source 10 is given by equation (1): 

^ = 2-^- (1) 
dt T 

In this equation, f, and f 2 are the acoustic frequencies of the two acousto-optic 
5 deflectors, T is the time for the beam to travel once around the cavity (from a 
given starting position back to the same position), and dv/dt is the rate of change 
of optical frequency with time. Thus, in the steady state, the two acousto-optic 
deflectors work at the same frequency, but if continuous tuning is to be 
maintained while the optical frequency is being changed, then the acousto-optic 
10 deflectors must be run at different frequencies which must satisfy equation (1) 
above. In terms of optical wavelength (A,), equation (1) may be rewritten as: 

a^ = 2.(f 2 -f 1 ) (2) 
at 



where 

L 

X 

15 and L is the optical round-trip cavity length. For a round trip cavity length of 450 
mm and an oscillating light wavelength of 1.5 jam, a = 2xl0 5 jam" 1 . Thus, given 
the desired wavelength profile as a function of time, this equation specifies what 
the difference between the two acoustic frequencies must be to assure continuous 
tuning. 

20 A second equation, which describes the relationship between the optical 

pass frequency of the filter and the acoustic AOD driving frequencies, also relates 
X to f, and f 2 . This second equation has the form: 

|(f 2+ f 1 ) = A + B^ (4) 

where A and B are constants determined by the cavity and acousto-optic deflector 
25 designs. The constants A and B may be determined by applying the same drive 
frequency (f DRIVE ) to each of the transducers 32, 34 and monitoring the output 
wavelength (X om ) as f drive is varied over a selected frequency range. The drive 
frequency and the output wavelength should follow the following linear 
relationship: 
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f DRIVE = A + BXqut (5) 

Therefore, the constants A and B may be obtained directly from equation (5). In 
the exemplary implementation described above, in which an acoustic frequency 
of 30 MHz corresponds to a wavelength of 1600 nm, and a frequency of 70 MHz 
5 corresponds to a wavelength of 1500 nm, A = 670 MHz and B = -400 MHz/jxm. 
Equations (2) and (4) may be solved simultaneously to give direct 
expressions for the acoustic drive frequencies fj and f 2 . The results are: 

f 2 =A + BX + -— (6) 
4 dt 

and 

10 f^A + BA,-- — (7) 

4 dt 

Thus, for a given wavelength profile (X as a function of time), equations (6) and 
(7) specify how to compute a pair of acoustic frequency profiles that assure 
continuous tuning. The first and second frequency profiles differ by an amount 
proportional to dX/dt, which is the time rate of change of the desired output 
15 wavelength profile X. 

As a first example, the light source is required to deliver an output which is 
a continuous linear chirp. That is, the instantaneous wavelength increases 
linearly with time according to the relationship: 

X = X m + it (8) 

20 where X m and X are constants which represent the wavelength at time t = 0 and 
the chirp rate respectively. Under these conditions, the drive waveform applied to 
the first acousto-optic deflector will simply be a time displaced version of the 
drive waveform applied to the second acousto-optic deflector, i.e. 

f 2 (t) = f,(t + At) (9) 

25 where At is the time delay between the two waveforms. To demonstrate this, 
substitute equations (8) and (9) into equations (6) and (7) to obtain 

A + B[X m + it] + -X = A + B[X m + (t + At)] - -X (10) 
4 4 

Simplifying this expression leads to the result 
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At = 



a 
2B 



(ID 



Since a and B are both constants, this establishes that, for a linear chirp, the delay 
between the drive waveforms is indeed constant, with a magnitude (a/2B) . In the 
general case, it is not necessarily true that the drive waveform applied to one of 
the two acousto-optic deflectors is a time displaced version of the waveform 
applied to the other acousto-optic deflector. However, in practice, this is almost 
invariably approximately the case. 

As a second example, which illustrates this point, assume that the 
wavelength is to vary sinusoidally with time in accordance with equation (12): 



AX 

X = X m H sin Qt 

2 



(12) 



where X m is the center wavelength, AX is the wavelength range, and Q is the 
angular frequency of the wavelength variation. The required acoustic frequency 
profiles are then: 

f 2 = A + B>, m +Csin(Qt + (p) (13) 



and 



where 



and 



f x = A + BX m + Csin(Qt - 



<|> = tan 1 



(aQ/4) 2 



aQ 



4B 



(14) 



(15) 



(16) 



In practice, very often the phase angle is very much smaller than 90°. 
This allows the acoustic frequencies to be closely approximated as: 



and 



f 2 = A + B 



f, = A + B 



AX. . _/ a V 

sinQ t + — 

2 I 4Bj 



AX . ( a 

A m + — sin Cl\ t 

4B 



(17) 



(18) 



Thus, as shown in FIG. 4, the two acoustic frequencies both vary 
sinusoidally. The sinusoidal variations are out of phase, the time difference being 
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(ot/2B). For the values assumed here, this time difference is 2xl0 5 /2x400 = 250 
jas. The frequency profiles of the acoustic drives are illustrated below for a scan 
time of 5 ms (corresponding to Q = 2 0071 radians/second). 

In the above-described example, a sinusoidal wavelength profile was used 
5 for the transducer drive signals. The above-described technique for calculating 
the acoustic frequency profiles that will produce a specified, continuously tuned 
wavelength profile is general. Therefore, the acoustic frequency drive signal 
profiles may be any type of time-varying profile, including but not limited to 
sinusoidal, sawtooth, and linear ramp profiles. 

10 The method of wavelength tuning shown in FIG. 3 may be applied to any 

type of light source that includes a resonant optical path with any type of acousto- 
optic tuning devices, including acousto-optic deflectors, acousto-optic modulators, 
and acousto-optic transmission filters. 

FIG. 5 shows an embodiment of a wavelength tunable light source 70 that 

15 includes a circulating (or ring-shaped) resonant light path 72 containing an optical 
gain medium 74, first and second optical gratings 76, 78, and first and second 
acousto-optic deflectors 80, 82. A first collimating lens 84 transforms an outgoing 
light beam diverging from the optical gain medium 74 into a parallel beam, and a 
second collimating lens 86 focuses the parallel incoming light beam onto the 

20 optical gain medium 74. An optical isolator 88 only allows light traveling in the 
direction of the arrow 90 to circulate around the resonant light path 72. The 
illustrated embodiment also includes first and second half-wave plates 92, 94 that 
are positioned in the light path 72 to rotate the polarization of the oscillating light 
from parallel to the plane of FIG. 5 to perpendicular to the plane of FIG. 5, and 

25 vice versa, as shown. Other embodiments may not include the first and second 
half-wave plates 92, 94. In addition, first and second folding mirrors 96, 98 are 
positioned between the first and second acousto-optic deflectors 80, 82 to fold the 
light around the circulating resonant light path 72. The components of light 
source 70 may be implemented in the same way as the corresponding 

30 components described above in connection with light source 10. 

In operation, light diverges from the right hand face of the gain medium 74 
and enters the first collimating lens 84, which transforms the diverging light into a 
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parallel beam. The parallel beam passes through the isolator 88, which allows 
only light traveling in the direction of the arrow 90 to be transmitted so that light 
circulates around the resonant optical path 72 only in an anticlockwise direction. 
Next, the beam strikes the first diffraction grating 76 at an incidence angle 
5 of about 13.5° relative to the grating surface. In one exemplary implementation, 
the light source 70 is tuned to oscillate at a wavelength of 1550 nm (which 
corresponds to an optical frequency of about 193.4 THz) and the grating 76 is 
ruled with 900 grooves/mm. Accordingly, in this exemplary implementation, the 
first order diffracted beam (shown in FIG. 5) make an angle of about 65° relative 

10 to the grating surface. About 90% of the incident light will be diffracted into this 
first order beam, and about 10% will be reflected into an output beam 100, which 
corresponds to the zero order reflection of the incident beam. 

At this stage, all these light beams are horizontally polarized in a plane 
parallel to the plane of FIG. 5. In the illustrated embodiment, the first half- wave 

15 plate 92 rotates the polarization of the horizontally polarized light to a vertical 
beam polarized in a plane perpendicular to the plane of FIG. 5. 

The vertically polarized beam then enters the first acousto-optic deflector 
80 at an angle of about 44° to its surface. An acoustic transducer 102 of the first 
acousto-optic deflector 80 is powered by an RF signal that is applied through a 

20 matching network. The frequency of the RF signal is equal to the acoustic 
frequency. In one implementation, the applied RF power is on the order of 2 
Watts. For the light to oscillate in light path 72 at 1550 nm, the frequency of the 
RF signal is set to about 50 MHz. One effect of the acoustic waves 104 that are 
induced within the acousto-optic deflector 80 is to deflect the input light beam by 

25 about 4.6°, as is shown schematically in FIG. 5. The deflected light passes 

through the exit face of the first acousto-optic deflector 80 at normal incidence 
angle for all wavelengths at which the light oscillates within the resonant optical 
path 72. 

As explained above, a second effect of the interaction between the input 
30 light beam and the acoustic waves 104 is a shifting of the optical frequency of the 
input light beam. In the exemplary implementation described above, the optical 
frequency of the light before it encounters the acoustic waves 104 is exactly 193.4 
THz, or equivalently 193,400,000 MHz. In the first acousto-optic deflector 80, the 
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acoustic waves 104 interact with the light beam so as to deflect the light beam 
away from the ultrasonic source. As a consequence, the optical frequency of the 
deflected light beam is increased (or "upshifted") by 50 MHz to 193,400,050 MHz. 
After reflection from the two folding mirrors 96, 98, the light passes 
5 through the left hand half of the resonant optical path 72, which substantially 
corresponds to a "mirror image" of the right hand half reflected through a mirror 
plane 106, which is perpendicular to the plane of FIG. 5. The only departures 
from symmetry are the absence in the left hand half of the cavity of an isolator 
corresponding to isolator 88, and the asymmetrical location of the transducer 108 

10 of the second acousto-optic deflector 82. In the second acousto-optic deflector 82, 
the light beam is deflected towards the ultrasonic source. Therefore, with respect 
to the exemplary implementation described above, for a 50 MHz acoustic 
frequency, the optical frequency of the incoming 193,400,050 MHz light is 
decreased to 193,400,000 MHz. Therefore, the optical frequency of the light 

15 arriving back at the gain medium 74 is the same as the optical frequency of the 
outgoing light from the gain medium 74. 

As explained above, light circulates around the resonant optical path 72 in 
an anticlockwise direction. In one implementation, the cavity and acousto-optic 
deflector geometries are designed so that, when both acoustic transducers 102, 

20 104 are vibrating at 50 MHz, the wavelength of the oscillating light is about 1550 
nm. The deflection of the optical beam within the acousto-optic deflectors is 
about 4.6° at this acoustic frequency. 

The oscillating light wavelength is controlled by the frequencies of the RF 
signals applied to the acoustic transducers 102, 108. In the exemplary 

25 implementation described above, when 30 MHz drive signals are applied to the 
transducers 102, 108, the oscillating light wavelength is about 1600 nm and the 
deflections within the acousto-optic deflectors is about 3.6°. When 70 MHz drive 
signals are applied to the transducers 102, 108, the oscillating light wavelength is 
about 1500 nm and the deflections within the acousto-optic deflectors is about 

30 5.5°. 

The wavelength of the output light produced by light source 70 may be 
tuned in accordance with any of the tuning methods described above in 
connection with light source 10. In particular, the acousto-optic deflectors may be 



Attorney Docket No.: 10031219-1 

-17- 

driven by non-identical drive signals specifically selected to assure continuous 
tuning. 

FIG. 6 shows an embodiment of a wavelength tunable light source 110 that 
includes a resonant light path 112 containing an optical gain medium 114, first 
5 and second optical gratings 116, 118, and first and second acousto-optic deflectors 
120, 122. First and second collimating lenses 124, 126 transform light diverging 
from the optical gain medium 1 14 into parallel beams and focus incoming parallel 
light beams onto the optical gain medium 114. The illustrated embodiment also 
includes first and second half-wave plates 128, 130 that are positioned in the light 

10 path 112 to rotate the polarization of the oscillating light from parallel to the plane 
of FIG. 6 to perpendicular to the plane of FIG. 6, and vice versa, as shown. Other 
embodiments may not include the first and second half-wave plates 128, 130. In 
addition, first and second mirrors 132, 134 are positioned behind the first and 
second acousto-optic deflectors 120, 122, respectively, to reflect light at the ends 

15 of resonant light path 112. 

In the embodiment illustrated in FIG. 6, the first grating 116 and the first 
acousto-optic deflector 120 are arranged in a first segment of the light path 112, 
and the second grating 118 and the second acousto-optic deflector 122 are 
arranged in a second segment of the light path 112. In this embodiment, the first 

20 light path segment substantially corresponds to a mirror image of the second light 
path reflected through a mirror plane 136 that is perpendicular to the plane of 
FIG. 6 and is oriented normal to the light beam at the location of the gain medium 
114. The only departure from symmetry is the asymmetrical positioning of the 
first and second acousto-optic drive transducers. The components of light source 

25 110 may be implemented in the same way as the corresponding components 

described above in connection with light source 10. In addition, the wavelength 
of the output light produced by light source 110 may be tuned in accordance with 
any of the tuning methods described above in connection with light source 10. 

FIG. 7 shows an embodiment of a wavelength tunable light source 140 that 

30 is identical to the light source 110, except that the second segment of the resonant 
light path 112 has been flipped about an axis corresponding to direction of light 
travel between the second collimating lens 126 and the second optical grating 118. 
In this embodiment, the first light path segment substantially corresponds to a 
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mirror image of the second light path reflected through a pair of orthogonal mirror 
planes 142, 144 that are perpendicular to the plane of FIG. 6 and that intersect at 
the location of the gain medium 114. The only departure from symmetry is the 
asymmetrical positioning of the first and second acousto-optic drive transducers. 

5 FIG. 8 shows an embodiment of a wavelength tunable light source 150 that 
includes a first light path segment 152 that is identical to the first light path 
segment of the wavelength tunable light source 110 shown in FIG. 6. This 
embodiment additionally includes a second light path segment 154 that includes a 
second collimating lens 156, a second acousto-optic deflector 158, and a 

10 retroreflector 160. The operation of light source 160 is very similar to the 

operation of light source 110, except that the filter function is now determined by 
the first and second acousto-optic deflectors 120, 158 and the single optical 
grating 116. 

Other embodiments are within the scope of the claims. 



